Background: Few studies have examined the relationship between weight status and objectively measured neighborhood greenness and no study has examined this relationship across the different stages of adulthood. This research was an investigation of weight status and neighborhood greenness using objectively measured satellite remote sensing for a large population representative sample.
Background
Rising levels of obesity are a public health priority [1] . The worldwide prevalence of obesity almost doubled between 1980 and 2008, from 8% to 14% for women and 5% to 10% for men, with disproportionately greater prevalence in high and upper middle income countries [2] . Specifically, the United States and Australian adult populations have experienced marked increases in body mass index (BMI), with Australia's increasing at approximately 1 kg/m 2 per decade [1] . Overweight and obesity are important modifiable risk factors for widespread chronic diseases such as cardiovascular disease, hypertension and type II diabetes [3] .
Weight status is influenced by a number of factors such as genetic pre-disposition, physical activity and caloric intake [4, 5] , race or ethnicity [6, 7] , socioeconomic status [8, 9] , and social networks [10] . Less well-understood are the potential effects of the built and natural environment [11] [12] [13] [14] . Obesity is associated with living in environments where there is poor access to grocery stores, supermarkets and recreation facilities and increased access to fast food outlets and convenience stores [15] [16] [17] [18] . Furthermore, some studies have reported an inverse association between neighborhood walkability and body mass index (BMI) among adults [19] [20] [21] [22] . However, evidence of the relationship between the natural environment and obesity is less well-established and has mostly been studied in relation to distance and access to parks [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] rather than greenness more generally. Moreover, the negative relationship between the amount of green space and levels of BMI has been somewhat consistently reported among children [23, [26] [27] [28] [29] [30] . However, fewer studies have investigated the influence of green space on levels of BMI among adults and there is insufficient evidence to infer a consistent association [24, 25, 31, 32] .
The Normalized Difference Vegetation Index (NDVI) is derived from remote sensing and provides an objective indication of the presence and condition of green vegetation. Historically, the NDVI has provided a method for time series analysis of primary production, phonological patterns and growing season dynamics [33] . The index relies on the relationship between reflected electromagnetic radiation in the red and infrared portions of the spectrum where green healthy vegetation exhibits low red reflectance (due to high chlorophyll absorption) contrasted with high infra reflectance. Although, NDVI has been criticised for instability due to soil and moisture variability, and atmospheric conditions [33] , Rhew et al., identified a strong relationship between measures of neighbourhood greenness using NDVI and experts perception of greenness [34] .
An inverse relation has been observed between neighborhood greenness as measured by the NDVI and risk of hospitalization for coronary heart disease and stroke [35] . Protective associations remained after adjustment for BMI, implying cardiovascular health benefits of greenness unrelated to intermediate effects on weight status. It remains to be determined whether greenness might also affect weight status and thereby, by association, the array of weight-related morbidities already well-established [3] .
The aim of this study was to investigate the association between objectively measured neighborhood greenness (using remote sensing) and weight status (overweight and obese) at different stages of adulthood.
Methods

Study design and participants
This was a cross-sectional study of 10,208 participants, consisting of 1,073 young adults (16-24 years), 6,328 midage adults (25-64 years) and 2,897 older adults (65+ years) who completed the Western Australian Health and Wellbeing Survey between 2004 and 2009 and who were residents of the Perth metropolitan area. This computerassisted telephone interview [36] was administered by the Western Australian Department of Health and responses were obtained for a stratified random sample of the state population (N = 1,959,088; 2006 Census). In this study, the Health and Wellbeing Survey was completed once for each participant during the study period (2004) (2005) (2006) (2007) (2008) (2009) ). Recruitment and completion of the survey was administered on a monthly basis. The response rate for the Health and Wellbeing Survey is approximately 92% after excluding non-contacts and 76% including non-contacts [36] .
Outcome variables
Self-reported height and weight was obtained from the Health and Wellbeing Survey and used to calculate BMI. Participants aged 18 years and over were classified as obese if their BMI (weight (kg)/height (meters) 2 ) exceeded 30, and as overweight-or-obese if the BMI was above 25. Age and sex specific overweight and obesity cut-offs were used to classify other participants in the young adult age group (16 and 17 year-olds) [37] .
Greenness
Greenness was measured using the Normalized Difference Vegetation Index (NDVI). NDVI provides an indication of the presence and condition of green vegetation with values typically ranging from −1 to +1. Values of −1 generally represent water, while values close to zero (−0.1 to 0.1) correspond to bare surfaces such as rock, sand, rooftops and roads. Higher values (0.2 to 0.4) represent grassland or bush land and values of +1 represent healthy green vegetation [38] . Water features were removed before the NDVI was calculated.
The NDVI was obtained from Landsat imagery, sourced through Landgate's (Western Australia's state geospatial data provider) Land Monitor program [39] . The program provides calibrated, cloud free Landsat Thematic Mapper imagery for the south western portion of the state. We obtained Land Monitor distributed imagery that was collected in the summer (January-February) of each year that the health survey was administered in this study (2004) (2005) (2006) (2007) (2008) (2009) ). The NDVI assigned to individuals was based on the imagery obtained for the same calendar year as completion of the health survey. We did not have more detailed information on the date of the interview. Each image was orthorectified correcting for geometric errors and radiometrically corrected through a calibration routine using a single base scene from 1994 (personal communication, Commonwealth Scientific and Industrial Research Organisation, February 2013). This approach allows for both positional and spectral consistency of NDVI measurements throughout our study.
The resolution of NDVI used in this this study was 30 m × 30 m pixels. The mean of NDVI values (mean greenness) and standard deviation of NDVI values (variation in greenness) were calculated for the 1600 m road network service area around each participant's address. Neighborhoods around participants' homes were defined using 1600 m (network distance) service areas based on the assumption that physical activity is the most likely pathway by which neighborhood greenness is negatively associated with BMI. A 1600 m service area represents how far a participant could walk a return trip from home at a moderate to vigorous intensity pace within 30 minutes, which is the recommended level of daily physical activity for adults [40] . A 1600 m service area has been shown to be a critical distance for examining the relationship between parks and walking [41] .
The variation in greenness within the service area is influenced by both anthropogenic and natural features. High levels of variability in greenness characterize mixed use which occurs in neighborhoods where both high NDVI pixels (green vegetation such as parks, vegetation alongside streets) and low NDVI pixels (non-green destinations such as building roof tops and roads to these destinations) occur together.
Mean greenness and variation in greenness were then classified into tertile groups for analysis based on rationale previously published elsewhere [35] . Briefly, tertiles provided a compromise between capturing the pattern of the association and ensuring sufficient data within each category. Tertiles provided an equal amount of data in each category. As the NDVI is a unitless index of greenness, assessment as a continuous variable for effects per unit increase in the index would be less interpretable than tertiles, which allow interpretation relative to "low", "medium" and "high" values. Finally, use of tertiles allowed direct comparison of effect estimates with results from a previous study for which associations were observed between greenness and cardiovascular morbidity [35] .
Statistical analysis
Adjustments were made for a range of risk and protective factors for overweight/obesity: age, sex, education, daily serves of fruit and vegetables, and smoking (never versus ever smoked). A complete-case analyses was undertaken due to the very low proportion of participants (0.64%) with a missing value for at least one of the study variables. Multiple logistic regression was used to examine the (adjusted) associations between tertiles for mean greenness and variation in greenness and overweight/obesity. Variance Inflation Factors (VIF) were computed for tertiles of mean greenness and variation in greenness to ascertain the level of collinearity with adjustment variables. Analyses were conducted using SAS v9.2. Weight status, NDVI and sociodemographic data were obtained and processed in 2011 and statistical analyses conducted in 2012.
Ethics
Approval was obtained from the Human Research Ethics Committees of the Western Australian Department of Health and The University of Western Australia (#2010/1).
Results
A total of 1,912 (19%) participants were classified as obese and 5,459 (53%) as overweight-or-obese (Table 1) . Overall, 7% of young adults (16-24 years), 21% of mid-age adults (25-64 years) and 18% of older adults (65+ years) were obese and the corresponding proportions for overweightor-obese were 25%, 57% and 56% respectively.
Mean greenness for the 10,208 participants' neighborhoods ranged from −0.059 to 0.337 with a median of 0.081. The variation in greenness ranged from 0.048 to 0.205 with a median of 0.103.
Risk factors for obese and overweight-or-obese among all adults
The odds ratio for being overweight-or-obese (1.60; 95% CI: 1.36 -1.88) and the odds ratio for being obese (2.16; 95% CI: 1.78 -2.62) were higher among adults with educational attainment less than year 10 compared with those with a tertiary degree. Per additional serve of fruit, there was insufficient evidence for a decrease in the odds for being overweight-or-obese (OR 0.98; 95% CI: 0.95 -1.01) and obese (OR 0.98; 95% CI: 0.94 -1.02). Similarly, per additional serve of vegetables, there was insufficient evidence for a decrease in the odds for being overweight-or-obese (OR 1.00; 95% CI: 0.98 -1.02) and obese (OR 1.00; 95% CI: 0.97 -1.03). For each year increase in age the odds for being overweight-or-obese (OR 1.02; 95% CI: 1.01 -1.02) and obese (OR 1.01; 95% CI: 1.01 -1.01) both increased. The odds ratio for being overweight-or-obese (1.67; 95% CI: 1.54 -1.81) was higher among men. There was insufficient evidence for an association between obesity and sex (Men compared to women, OR 0.92; 95% CI: 0.83 -1.02). Smoking was not associated with being overweight-or-obese (OR 0.95; 95% CI: 0.85 -1.06) or obese (OR 0.96; 95% CI: 0.83 -1.11) among this study population.
Neighborhood greenness and overweight-or-obese
The adjusted odds ratio for being overweight-or-obese was lower (0.84; 95% CI: 0.76 -0.92) for adults with high levels of mean greenness (highest tertile), compared with those in neighborhoods with low levels of mean greenness ( Table 2 ). The adjusted odds ratio for being overweight-or-obese was also lower (0.75; 95% CI: 0.68 -0.82) for adults in the highest variation in greenness tertile compared with the lowest tertile. The adjusted odds ratios for high vs. low tertile in each of the three age groups were all smaller than one although some of the confidence intervals included one. The adjusted odds ratios for moderate vs. low mean and variation in greenness were generally, but not always, closer to unity than the corresponding odds ratio for high vs. low greenness. There was insufficient evidence to indicate that the effects of mean greenness and variation in greenness on overweight-or-obese differed across the three age groups (p-value for interaction 0.668 and 0.952 respectively).
Neighborhood greenness and obesity
The effect estimates for being obese were largely compatible with those for overweight-or-obese although the effect for mean greenness was stronger for being obese (Figures 1 and 2) . The adjusted odds ratio for being obese was lower (0.78; 95% CI: 0.69 -0.89) for adults with high levels of mean greenness (highest tertile), compared with those in neighborhoods with low levels of mean greenness ( Table 3 ). The adjusted odds ratio for being obese was lower (0.75; 95% CI: 0.66 -0.85) for adults in the highest variation in greenness tertile 
Highest attained level of education
Less than year 10 819 (8) 26 (2) 224 (4) 569 (20) Year 10 or 11 2,050 (20) 265 (25) 1,151 (18) 634 (22) Year 12 compared with the lowest tertile. There was no evidence that the effects of mean greenness and variation in greenness on obesity differed across the three age groups (p-value for interaction 0.920 and 0.672 respectively). The effect of mean greenness was independent of variation in greenness for both the overweight-or-obese and obese classifications of weight status (p-value for interaction 0.729 and 0.964 respectively). For overweight-or -obese, the variation in greenness term was more significant (χ 2 = 33, p<0.0001) than the mean greenness term (χ 2 = 12, p=0.0021), when both terms were included in the adjusted model together. Similarly for obesity, when both terms were included in the adjusted model together, the variation in greenness term was more significant (χ 2 = 21, p<0.0001) than the mean greenness term (χ 2 = 13, p=0.0018). 
Collinearity between neighborhood greenness and risk factors for adjustment
Variance inflation factors for the measures of greenness across each age group, including the 'all adults' group, ranged from 1.31 to 1.42, indicating a low level of collinearity between the exposure of interest in this study and the risk factors used for adjustment.
Discussion
A negative association was observed between absolute levels (i.e., mean greenness) and variability in neighborhood greenness and obesity. Overall, the odds of obesity was 22% lower for people in high vs. low mean greenness neighborhoods. Similarly, the odds of being overweight-or-obese was 16% lower for people in high vs. low mean greenness neighborhoods. The lower prevalence of obesity among adults in greener areas might be attributable to higher levels of physical activity, such as neighborhood walking, with studies indicating that adults with access to a large high-quality park within walking distance (also 1600 m) from home are more likely to walk, and tend to do so at recommended levels [41, 42] . Parks and tree-lined streets are typically representative of green vegetation that might promote physical activity in the neighborhood, as neighborhood attractiveness is consistently associated with increased recreational walking [18] . Associations were observed among young adults, mid-age adults and older adults, which suggests that the protective effect of living in a leafy green neighborhood and variability in greenness on weight status applies throughout adulthood. Although the interaction between stage of adulthood and level of greenness was statistically non-significant, our results stimulate the further hypothesis that associations with weight status might be stronger in early and late adulthood effect as estimates were higher for these age groups. These results might suggest that associations previously reported between greenness and coronary heart disease or stroke might be explained by effects on weight status [35] . Moreover, effects in early adulthood might suggest that greenness and other attributes of the neighborhood built environment might prevent a portion of cardiovascular events or diagnoses that would otherwise be observed later in the life course. Obesity (and overweight-or-obesity) were more strongly negatively associated with the neighborhood variability in greenness than mean greenness. Overall, there was a 25% lower odds of obesity (and overweight-or-obesity) for those in neighborhoods with high variability in greenness. The interaction between stage of adulthood and variability in greenness was non-significant indicating consistent associations across age groups. A high degree of variability in neighborhood greenness suggests mixed land use, that might, for example, be indicative of neighborhoods that have both a large presence of built destinations and wellconnected tree-lined routes to these destinations. A recent Figure 1 Adjusted odds ratios and 95% confidence interval bands for being classified as obese and overweight-or-obese for differences in neighborhood mean greenness among 10,208 adults resident in Perth, Western Australia who responded to the Health and Wellbeing Survey 2004-2009. Effects adjusted for age, sex, education, fruit and vegetable intake, smoking. review concluded that there is consistent evidence that better access to relevant neighborhood destinations such as local stores and services (which are typically non-green at lower NDVI levels) are conducive for adults' utilitarian walking [43] . Further studies are required to explore the specific attributes of neighborhoods characterized by high variability in neighborhood greenness. It appears that only one other study has examined the relationship between BMI and greenness in adults using NDVI [44] . In that study, the effect of greenness on BMI was not reported for the study population of 529 adults. However, the authors observed a negative association between BMI and the number of destination types among adults in very green (high NDVI) areas. These results are consistent with our study, in that high levels of variability in greenness analyzed in our study may be comparable to elevated mean greenness combined with the large number of destination types examined in the US study. Further research is required to identify the mechanisms by which environmental aesthetics [45] , mediate engagement in neighborhood activity that might modify weight status. In terms of health more broadly, Hale et al. (2011) , summarize the challenge of design as the need to create "places aimed at fostering aesthetic experiences that connect individuals to places that support and sustain healthy behaviors" [46] . In this sense, protective associations with weight status observed in this study and previously with cardiovascular disease [35] might have been initially indirectly promoted by unmeasured neighborhood aesthetics and social environments (correlated with variation in greenness) and additionally by experiencing others engaged in healthpromoting behaviors in the neighborhood. Alternatively, variation in greenness and its physical environmental correlates might not influence health-related behavior (e.g., physical activity) but be a proxy for the types of neighborhoods within which behavior (e.g., exercise) is socially guided. Individual-based studies are required to further elucidate the pathways by which environmental aesthetics can influence health-related behaviors in the neighborhood environment. Previous studies have shown that perception of the environment is more correlated with behavior (e.g., physical activity) than more objective measures of the environment [47] . Thus, there is a need to identify the aesthetics associated with variability in greenness (e.g., amenities that complement vegetation) that improve positive perception of the neighborhood. Indeed, although greenness as measured by NDVI is an objective measure, the measures of greenness used in this study contain no information on 'quality' (e.g. utility or attractiveness of the environment), known to influence behavior [48] .
It is possible that the results of this cross-sectional study might be explained by self-selection of individuals of lower-BMI into neighborhoods with both high levels of greenness and variability in greenness. Although adjustment was made for level of education we cannot discount the possibility of residual confounding by socioeconomic status. A further limitation of this study was the absence of specific information on the level of outdoor physical activity undertaken within the neighborhood, a constraint imposed by the use of data from the established survey items in the state health surveillance system.
We note that satellite remote-sensed NDVI is not without imprecision, partially due to cloud cover that limits visibility. This imprecision was minimized via use of composite imagery taken over multiple days, and by taking the imagery in summer when chance of cloud cover is minimal in Perth, Western Australia. This approach also addresses the seasonal fluctuations in NDVI had the imagery been taken throughout the year. We also used NDVI measurements taken each year to account for longer-term changes. However, as this was a cross-sectional study, weight status was only obtained from the health survey at one time for each participant and therefore we could not establish temporal relevance of the association. Although the NDVI is measured with a degree of error, even if the error variance is non-negligible, we have no reason to believe that this error would be directionally associated with weight status. Therefore, the observed effects are likely to be unbiased albeit under-estimated.
Conclusions
Greater levels of neighborhood greenness and variability in neighborhood greenness are associated with lower odds of obesity among adults. Future natural experiments and cohort studies investigating the effect of natural and built environment attributes on health should include a measure of neighborhood greenness and a measure of variability in neighborhood greenness. Further research is required to examine neighborhood characteristics that correlate with variability in greenness in order to better understand the association between greenness and weight status.
